Neighbors living near the 3 turbine, 4.5 MW Vinalhaven, Maine wind power facility, which began operations in late 2009, have complained that the noise from the turbines is unwelcome and annoying.
Executive Summary
Neighbors living near the 3 turbine, 4.5 MW Vinalhaven, Maine wind power facility, which began operations in late 2009, have complained that the noise from the turbines is unwelcome and annoying.
Fox Islands Wind, the owner of the facility, hypothesized that implementing a Noise Reduced Operation (NRO) for the turbines, which effectively limits the turbines' maximum rpm and power output, would reduce the sound levels produced by the turbines, and therefore might also reduce the degree to which the neighbors report being annoyed by those sounds. To test this hypothesis in a preliminary fashion, a pilot study was conducted in early 2010, the results of which are the subject of this brief report.
The study included asking near-by residents -those within roughly 3000 feet -to rate the sounds and the degree to which they were annoyed by them using logs which they filled out at multiple times during the day on as many days as were possible in the 35 day study period in February and March, 2010. Meanwhile, FIW adjusted the NRO settings of the turbines in a random fashion in the evenings during the same period, but in a pattern that the respondents were not made aware of. Ultimately, nine individuals turned in roughly 200 log entries (i.e., responses), each of which was time coded to allow testing if the response was correlated with the wind facility operating conditions at that time.
The analysis of these data found small, non-statistically-significant differences in self-reported turbine loudness and annoyance ratings between the periods when the NRO was enacted and when it was not, after controlling for many of the relationships that could independently influence perceived loudness and annoyance (e.g., wind direction, time of day). Possible explanations for these small differences in selfreported turbine loudness and annoyance ratings include: the relative difference in sound output from the turbines when NRO was engaged and when it was not was small; and/or that differences in turbine sound outputs that did exist might have been masked by higher (non-turbine) wind sound levels that were coincident with NRO periods. Because this preliminary test only included a small portion of the population surrounding the turbines, the sample of self-reported ratings was itself very small. In addition, the conditions varied greatly over the study period, as described in the report that follows. Consequently, the results presented here should be considered preliminary, and further data collection and analysis are warranted.
The main findings of this preliminary study are:
• As planned, periods in which the NRO was engaged were found to have noticeably lower turbine rotational speeds (rpm), based on turbine operational data.
• 11% of responses overall indicated that the turbines were perceived as either "very" or "extremely" loud at the time they were logged, and roughly two thirds of those (7% overall) indicated the sounds to be "very" or "extremely" annoying.
• Self-reported turbine loudness and annoyance ratings were higher during the night and when the wind was from the North (participants in the study were located to the east and south of the turbines).
• Self-reported turbine loudness and annoyance ratings were generally found to be lower during the NRO periods, but these observed differences are relatively small in magnitude, and are not statistically significant.
• There is some limited evidence that high-speed surface winds mask self-reported turbine loudness and annoyance ratings. Therefore, because NRO settings are only engaged during periods of high winds, the true effects of the NRO adjustments might be diluted to some degree.
• The results of this preliminary assessment should not be applied to the full population of homeowners near the turbines in Vinalhaven, Maine because the potentially most-sensitive individuals (those most vocal of their dislike of the turbine sounds) opted not to participate in the study, and because the study did not include the relatively large number of individuals who primarily visit the island during the summer months.
Introduction
Fox Islands Wind (FIW) is the owner of a 3 turbine, 4.5 MW wind power facility on Vinalhaven Island off the coast of Maine. The facility was erected and began operation in late 2009. Some near-by residents have since voiced concerns that the turbines are creating a surprisingly large amount of unwanted sound that they consider annoying and disturbing to their use and enjoyment of their properties. In response to these concerns, FIW conducted an experiment in which it adjusted the turbines to operate at night in a Noise Reduced Operation (NRO) mode, which effectively limits the maximum rotational speed of the turbines, resulting in lower power output and reduced sound output.
1
To determine if the NRO settings were effective in reducing perceived turbine loudness and annoyance, FIW conducted a pilot study asking near-by residents to rate the loudness and annoyance using daily logs, while FIW adjusted the NRO settings of the turbines during random times of the study period.
2 FIW hoped that if a noticeable reduction in the perceived loudness and related annoyance ratings were found to be strongly associated with the NRO settings, then FIW could potentially use the NRO settings as one of their options to mitigate local annoyance concerns.
In addition, only two turbines were operating during a portion of the experiment. Because it is theorized that two turbines would necessarily make less sound then three, a test was created to determine if turbine loudness ratings were lower during the periods in which only two of the turbines were operational.
Although FIW does not consider turning one of the three turbines off entirely as a reasonable option to mitigate annoyance, the possibility of studying the effects of two turbines as compared to three presented an opportunity for research.
Finally, it is theorized that wind sounds may mask turbine sounds. Because NRO is only engaged when turbine power output is near to or at its maximum, which coincides with periods of high winds, it is possible that the louder wind sounds during these periods will mask the true NRO effects, as perceived by near-by residents. Therefore a test was conducted to test whether wind sounds mask turbine sounds during NRO periods.
1 One of four NRO settings were used each of which further reduced the noise of the turbines and related rpm and power, with each being used as much as the others. For the purposes of this analysis no distinction was made between the settings when testing for effects. 2 Since the facility began operation FIW had been operating one of the three turbines under NRO settings. The adjustment was for 1 decibel. For this study, they used adjustments of all three turbines by as much as four decibels.
This brief report outlines the outcomes of this study and is broken into five parts: data overview, data summary, study design, results, and conclusions and recommendations.
Data Overview
During the period of February 1, 2010 to March 7, 2010 FIW adjusted the operating turbines using one of four NRO settings. For roughly the first 18 days of the experiment only two out of three turbines were operating. 3 All households within roughly two thirds of a mile of the turbines were each delivered logs to fill out during the study period, in which they could describe the sounds from the turbines and their annoyance while noting the corresponding date, time, and location. 4 The initial log that was distributed to the community (Log #1 -Attachment 1) was replaced with a more comprehensive log (Log #2 -Attachment 2) roughly 14 days into the study period. The initial log encouraged respondents to rate perceived turbine loudness levels once a day, while the latter log encouraged respondents to not only rate turbine loudness levels but also the degree to which they were annoyed by those turbine sounds, and wind loudness levels, and to do so at multiple times during each day. Wind loudness levels were to be used to test if they masked turbine sounds. 5 Additionally, data were obtained from the wind facility operator (General Electric) on rotational speed (rpm) and power output from each of the three turbines as well as wind speed and direction at the turbine hub, which is roughly 80 meters above the ground. Surface wind speed and direction was obtained from a National Oceanic and Atmospheric Administration (NOAA) buoy in Penobscot Bay roughly ten miles from the facility and four meters above sea level, which was used as a proxy -in place of wind sound levels -for ground level speeds at the homes, a potentially masking correlate. 6 3 NRO settings were applied during these periods in a similar fashion as during the periods when all three turbines were operating.
Collection of all these data allowed for a test of the correlation of self reported sound/annoyance levels and NRO adjustments while accounting for other potential correlates, such as:
wind direction and wind speed at hub height and at ground level, whether the response was from inside or outside the home, the distance the respondent's home was from the turbines, and whether it was day or night. They also allowed for an investigation of the other two hypotheses: 1) if turbine loudness and annoyance ratings were significantly different when two or three turbines were operating, and 2) if wind related sounds mask turbine sounds at higher wind speeds, when the NRO would tend to be implemented. 4 Although desired, ground level sound and wind speed measurements near the homes were not obtained for this analysis, therefore only self-reported wind and turbine sound levels were used. 5 Wind loudness includes not only the sound of wind itself but also sounds of other objects reacting to the wind (e.g., the leaves on the trees). 6 NOAA buoy number F01: West Penobscot Bay
Data Summary
Nine households, representing about fifty percent of all households within roughly two thirds of a mile of the turbines, provided data during the study period in the form of 197 log entries (i.e., responses).
7 Table 1 A summary of the data collected for the analysis is presented in and Table 2 : 78% of the responses were recorded outdoors; 54% were recorded during the day (between the hours of 6:00 AM and 6:00 PM); and the closest respondent's home was roughly 1,700 feet from the center point of the three turbines, whereas the furthest was roughly 3,600 feet. From the turbine operational data, it was determined that the NRO adjustment was in effect for 42% of the time during the study period, but because high winds at hub height (over at least 6.5 meters per second) were required to have NRO effects engage, only 18% of the time during the study period had NRO engaged. 8 Because these latter periods coincided with periods of higher response rates, however, 22% of the total number of responses occurred during NRO engagement periods. Finally, the hub-height wind direction during the study period was from the north (due north plus or minus 45 degrees) 47% of the time, from the west 30% of the time, and from the east 23% of the time. All respondents reside either to the south or the southeast of the wind power facility.
26% of the responses included self reported turbine loudness rated as "not audible", 47% as "slightly audible", 18% as "moderately loud", 7% as "very loud", and 3% as "extremely loud". 9 This corresponds somewhat to the self reported degree of annoyance 65% that were rated as "not annoying", 21% as "slightly annoying", 6% as "moderately annoying", 4% as "very annoying", and 3% as "extremely annoying". In summary, about one tenth of responses (11%) included ratings of the sounds of the turbines as "very loud" or "extremely loud", while two thirds of those (7% overall) included annoyance ratings of "very annoying" or "extremely annoying." Finally, 39% of responses included ratings of the wind loudness levels as "not audible" , 32% as "slightly audible", 16% as "moderately loud", 8% as "very loud", and 4% as "extremely loud".
7 Roughly 20 households, within one mile, live on the island during the winter, while roughly 50 do so during the summer. Many of the "non-responding" households living on the island during the winter are known to be highly annoyed by the turbines (n~8) but chose not to turn in their logs. All of the roughly 200 responses were useable for analysis of turbine sound ratings, but because only the second log allowed respondents to rate annoyance directly, approximately 140 responses were usable for analyzing annoyance. 8 At lower wind speeds the NRO adjustments do not "engage" because the turbines do not reach their maximum rotational speed or power output. 9 The responses on the initial logs (n=56) for "perceived turbine sound levels" were converted into the "turbine sound levels" used for the latter logs so that they could be analyzed as one "combined" dataset. * Log #1 perceived turbine loudness ratings were converted to log #2 scale as follows: "inaudible"="none", "audible_quiet"="slightly", "sound masked by wind"="none", "moderate"="moderate", "very loud"="very", "extremely loud"="extremely" ** Combined turbine loudness rating includes those from both Log #1 and Log #2 † "None" corresponds to "not audible" for the loudness ratings, and "not annoying" for the annoyance ratings.
Study Design
This study was specifically designed to test:
1. If self-reported turbine loudness and annoyance ratings are lower during NRO periods.
2. If self-reported turbine loudness and annoyance ratings are lower during periods when only 2 turbines are operating (vs. three).
3. If self-reported turbine loudness and annoyance ratings are masked by wind sounds.
To test the three hypotheses a total of four regression models were created: two for self-reported turbine loudness ratings (combining responses from logs #1 and #2) and two for self-reported turbine sound annoyance ratings, with each pair consisting of a pooled dataset of all possible cases and a smaller dataset of responses only when all three turbines were operating. 10 Therefore, two models use turbine loudness ratings as the dependent variable and two use turbine sound annoyance ratings.
All models use the following independent variables: distance (from the home to the center point of the turbines), wind direction at the hub (e.g., "Compass East"), wind speed at the hub (to capture absolute sound levels at the hub), whether it is daytime or not, whether the respondent was inside or outside, if three turbines are in operation or not, and if NRO is engaged or not. To capture the potentially masking effects of ground level winds, the turbine loudness rating models use the wind speed at the buoy while the turbine sound annoyance rating models use self-reported wind loudness ratings.
11 Table 1 The expected signs of each of the parameters are noted in .
Results
Prior to running the regressions, a number of confirmatory relationships were investigated, which help to validate the logic of the study design and measurements. For example, buoy wind speed is found to be strongly correlated to hub height wind speed (r=0.74, p < 0.01). Hub height wind speed is strongly correlated with turbine rpm (r = 0.53, p < 0.01) and power (r = 0.66, p < 0.01). Similarly, respondents' ratings of wind loudness levels are well correlated with wind speeds at the hub (r = 0.49, p < 0.01) and at the buoy (r = 0.44, p < 0.01). Further, the average turbine rpm during the NRO engagement periods is 10 Turbine sound level models use the combined ratings from both log #1 and log #2, while turbine sound annoyance models use responses only from log #2. 11 It was assumed that self-reported wind sound level was a better predictor of ambient background ground-level sounds than its proxy of wind speeds at the buoy, but self-reported wind sound level ratings were only included in the second log (Attachment 2) and therefore could not be used for the turbine sound level models that included responses from both the first and second logs.
lower by an average of 1.3 (13.5 rpm vs. 12.2 rpm) as compared to the periods when NRO was not engaged (t = 2.28, p < 0.05).
The results from the four regressions are shown in Table 3 . In each case, the analysis again finds evidence of a number of relationships that were expected to exist and that therefore help validate the model. For example, turbine sound and annoyance ratings are consistently lower during the day (versus during the night) and are higher when the wind is coming from the North (when homeowners were downwind of the turbine sounds), with the daytime distinction being statistically significant in two of the four models. Other variables have less consistent relationships to rated sound and annoyance levels. higher ratings as distance increases, but the coefficient is very small (for each 100 feet from the turbines the rating increases by 0.02) and the magnitude and sign of the coefficient is not consistent across all four models. Further, being inside or to the east is not observed to consistently affect either sound or annoyance ratings.
Concentrating on the NRO effects, while holding the other relationships constant (e.g., distance, direction, wind speed, etc.), we find that during NRO engagement periods, observed turbine loudness ratings are lower in the pooled model (-0.21, p-value 0.34) and essentially non-existent in the three turbine model (0.03, p-value 0.91). Further, observed annoyance ratings are lower in both models (pooled model -0.17, p-value 0.46; three turbine model -0.12, p-value 0.62). None of these relationships, however, for either loudness or annoyance ratings, are statistically significant (at the 10% level). Moreover, the predicted difference in loudness and annoyance ratings between any period of NRO intervention and those without is no more than roughly one fifth of one rating point (e.g., -0.21). In other words, if given five responses, on average, only one would change during a NRO period and would do so by only one level (e.g.,
"moderately" to "slightly).
12
The second hypothesis -if three turbines were noticeably louder than two -was investigated using a fixed-effect variable for the three turbine condition ("3 Turbines") in the two pooled models for turbine sound level and turbine sound annoyance (models one and three). In both models, a significant negative relationship is discovered indicating that, during the period when all three turbines were operating, turbine loudness ratings ( � = -0.47, p-value 0.04) and annoyance ratings ( � = -0.51, p-value 0.02) were 12 Conceivably, if more responses were obtained, a continuous relationship between NRO and annoyance could be investigated. For this analysis, however, average (e.g., fixed effects) for any/all NRO interventions were tested.
significantly lower, a counter-intuitive result. If true, this would indicate that the turbines are considered less loud and annoying when all three are operating.
A further investigation finds purely coincidental yet significantly higher hub wind speeds ( � = 2.7 m/s, pvalue 0.00), buoy wind speeds ( � = 2.3 m/s, p-value 0.00), rpm ( � =4.8 rpm, p-value 0.00), and selfreported wind loudness ratings ( � = 0.6, p-value 0.00) during the periods when three turbines were operating versus when only two were operating. 13 These operating conditions likely strongly influenced the results, because many other parameters in the model are driven by wind speed, and therefore make it difficult to disentangle the effects and derive credible conclusions to the second hypothesis using the regressions. Potentially interesting, however, is that that despite the higher wind speeds, which would be expected to be correlated with higher turbine loudness and annoyance ratings during the period in which all three turbines were operating, lower ratings of sound and annoyance were discovered. One possible explanation for this counter-intuitive result is that the considerably higher wind speeds during the three turbine period masked the higher levels of sounds from the turbines.
To that end, we turn now to the third hypothesis, and investigate whether other parameters in the models further support this masking hypothesis. The coefficients for wind loudness ratings would be negative if those coefficients accurately captured ground level wind sounds and those sounds masked annoyance related to turbine sounds. We find the opposite to be the case for the pooled annoyance model (#3) (0.3, p-value 0.00) and (though not statistically significant) for the three turbine annoyance model (#4) (0.1, pvalue 0.19). This is an indication that, in the sample, wind loudness ratings are strongly correlated with turbine annoyance ratings and that as the former increases so does the latter, indicating, potentially, that wind sounds might contribute to annoyance. Alternatively, wind loudness ratings might not accurately capture wind sounds on the ground and therefore might be capturing sounds closer to the hub, which are likely strongly correlated with hub height wind speeds, and therefore turbine sounds. Without ground level sound measurements (and/or wind speed measurements at the respondent locations) it is difficult to determine what effect wind loudness ratings are measuring. Turning to the turbine loudness rating models (#1 and #2), where buoy wind speed is used -a potentially more accurate proxy for ground level wind sounds -the coefficients are appropriately signed, but are not statistically significant. This indicates a potential masking effect, but one that cannot be confirmed without more responses. Therefore based on the set of tests -evidence from the two turbine period and the two sets of regressions -we find some support for the hypothesis that wind sounds mask turbine sounds, and therefore posit that wind sounds 13 The choice to have either three turbine operating or two was governed by the repair schedule. Once the repair was made, on or about February 20th, all three turbines began operating.
might mask the true effects of the NRO adjustments, a relationship that cannot be confirmed without further study. 
Conclusions and Recommendations
Taken together, we find that there is some limited evidence that self reported turbine loudness and annoyance ratings are lower during NRO engagement but that the differences are relatively small and are not statistically significant. We cannot draw conclusions as to the effects of two turbines versus three given this sample, and we find some limited evidence that masking of turbine sounds may exist at higher level wind speeds. Therefore, it follows that because the NRO settings engage during periods of higher winds, and these same winds might mask the differences in turbine loudness levels attributable to the NRO settings, the true effect of the NRO adjustments might be diluted and therefore might not present an Location ► Turbine Sound Description (Circle any and all that apply) (Note additional comments -with date and time -on back of this sheet) n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other: n/a, tonal, throbbing, swishing, scratching, squeaking, low frequency, resounding, other:
Instructions:
2) Wind 
